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Abstract. The Pyrenees, located in the transition zone of Atlantic and Mediterranean climates, constitute a
paradigmatic example of mountains undergoing rapid changes in environmental conditions, with potential im-
pact on the availability of water resources, mainly for downstream populations. High-resolution probabilistic
climate change projections for precipitation and temperature are a crucial element for stakeholders to make well-
informed decisions on adaptation to new climate conditions. In this line, we have generated high–resolution
climate projections for 21st century by applying two statistical downscaling methods (regression for max and
min temperatures, and analogue for precipitation) over the Pyrenees region in the frame of the CLIMPY project
over a new high-resolution (5 km × 5 km) observational grid using 24 climate models from CMIP5. The appli-
cation of statistical downscaling to such a high resolution observational grid instead of station data partially
circumvent the problems associated to the non-uniform distribution of observational in situ data. This new high
resolution projections database based on statistical algorithms complements the widely used EUROCORDEX
data based on dynamical downscaling and allows to identify features that are dependent on the particular down-
scaling method.
In our analysis, we not only focus on maximum and minimum temperatures and precipitation changes but also
on changes in some relevant extreme indexes, being 1986–2005 the reference period. Although climate models
predict a general increase in temperature extremes for the end of the 21st century, the exact spatial distribution of
changes in temperature and much more in precipitation remains uncertain as they are strongly model dependent.
Besides, for precipitation, the uncertainty associated to models can mask – depending on the zones- the signal
of change. However, the large number of downscaled models and the high resolution of the used grid allow us
to provide differential information at least at massif level. The impact of the RCP becomes significant for the
second half of the 21st century, with changes – differentiated by massifs – of extreme temperatures and analysed
associated extreme indexes for RCP8.5 at the end of the century.
1 Introduction
Along the last decades, the issue of climate change has grown
in importance, not only in the scientific world, but also in the
political and civil society arena, escalating recently to the cat-
egory of climate emergency. Year after year, climate change
and related issues (as e.g., water scarcity, loss of biodiversity,
increased frequency of extreme meteorological events) (Ki-
toh et al., 2016) appears as the top risk in terms of impact
and likelihood among the global risks analyzed by the World
Economic Forum (WEF, 2018, 2019, 2020). High mountain
regions are especially vulnerable regions and in particular
smaller glaciers around the world are projected – if no imme-
diate and drastic reduction of greenhouse gases are achieved
– to lose more than 80 % of their current ice mass by 2100
(IPCC, 2019). This will affect tourism, regional culture, and
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even cause issues further downstream for sectors such as
agriculture (IPCC, 2019). Mediterranean European ecosys-
tems are more vulnerable than other European ecosystems
(due to, e.g., declined soil fertility and water availability and
increased risk of forest fires). Therefore, the Mediterranean
mountains seem to suffer a double risk for the special vul-
nerability of mountain regions and for the fact of being lo-
cated in the Mediterranean basin, which emerges as a climate
change hot spot (Nogués-Bravo et al., 2008). High-resolution
downscaling is then vital to project climate extremes and
their future changes by resolving fine topography reasonably
well, which is key for representing local climatology and im-
pacts of weather extremes (Kitoh et al., 2016).
Global climate models (GCMs) provide scenarios of fu-
ture climate projections and aspects of climate variability
and extremes that can be instrumental for impact studies
and adaptation planning. Outputs provided by GCMs have
a coarse resolution that is insufficient for their use by na-
tional policymakers and planners; then, downscaling tech-
niques need to be applied to bridge the gap between GCMs
and local information, providing climate projections at finer
spatial scales (e.g., Takayabu et al., 2016). Nevertheless, this
process exacerbates, at a local scale, uncertainties inherently
found in GCMs. Hence, it is crucial for statistical downscal-
ing methods to incorporate and quantify uncertainties, in-
cluding both related to parameter shortcomings and aleatory,
or observational, uncertainties. The role of downscaling in
terms of uncertainties depends, of course, on the aim of the
modelling exercise, but predicted changes in local climate
are expected to be sensitive to the different parameterization
schemes (“physics”) being used in the RCM and the driving
GCMs as well as the different choices of statistical down-
scaling algorithms.
This study was developed in the framework of the “Char-
acterisation of climate change and provision of information
for adaptation in the Pyrenees (CLIMPY)” project (https:
//www.opcc-ctp.org/es/climpy, last access: 26 Septem-
ber 2020), a joint effort of three countries: Andorra, France,
and Spain to share their climatic information. The project
aims to determine the evolution and climate trends of the
Pyrenees in the context of global climate change, consid-
ering as priority action the creation of a comprehensive –
both observational and projected – temperature, rainfall and
snow database. In this context, our objective consisted in ap-
plying two statistical downscaling methods used in previous
projects by the Spanish Meteorological Agency (AEMET)
to develop temperature (min-max) and precipitation projec-
tions for the 21st century with high spatial and temporal res-
olution necessary for hydrologic modelling and other pur-
poses; emphasizing the novelty that we have applied statis-
tical downscaling over a new high-resolution observational
grid developed for this mountainous area that makes use
of a comprehensive observations dataset specifically com-
piled for this project. The availability of high resolution
downscaled projections over European mountainous areas
is rather exceptional, except for CORDEX project (https:
//www.euro-cordex.net/, last access: 26 September 2020)
simulations. One additional benefit in this new statistically
downscaled projections is the possibility to compare with dy-
namically downscaled CORDEX projections.
We structure the paper in five sections. Section 2 fea-
tures the study area; Sect. 3 provides details of used data
and methodology (statistical downscaling); and Sect. 4 re-
ports the results (maximum temperature, minimum tempera-
ture, precipitation and some related extremes). We end with a
short discussion and relevant concluding remarks in Sect. 5.
2 Study area
The study area comprises the border between Spain, France
and Andorra (Fig. 1). The highest elevations (> 3000 m) are
located on the Spanish side. The climate of the Pyrenees
is influenced by its location between the Atlantic Ocean to
the west and the Mediterranean Sea to the east. The altitude
within the area ranges from 500 m to a maximum elevation of
3404 m a.s.l., and its extension is more than 50 000 km2. The
relief is firmly split by the river network due to the disposi-
tion of the main valleys (north–south), which are perpendicu-
lar to the Pyrenean structures (west–east) (Peña and Lozano,
2004).
The Central Pyrenees show a greater continental influ-
ence. Moreover, topographic heterogeneity introduces a
noticeable variability to the distributions of precipitation
and temperature (del Barrio et al., 1990; García-Ruiz et
al., 2001). In the mountains, annual precipitation exceeds
2000 mm and sometimes reaches more than 2500 mm in
the highest river basins (García-Ruiz et al., 2001). Most of
the annual precipitation falls during the cold season in the
western areas, and during spring and autumn in the eastern
regions. This is a territory that strongly depends on climate
and with a great ecological diversity with many endemic
species (https://www.worldwildlife.org/biome-categories/
terrestrial-ecoregions-of-the-world, last access: 26 Septem-
ber 2020). Of the 3500 species of plants found in this
ecoregion, about 200 are endemic. Changing amount of
snowfall and duration of snow cover will also affect the
severity of fungal diseases. Reduced stability will decrease
the protective function against natural hazards like flooding,
debris flow, landslide, and rock fall, while hazardous pro-
cesses itself might be both intensified or alleviated by the
expected climatic changes.
3 Methodology and data
In this section, we address the following issues: the two
statistical downscaling techniques developed by AEMET
and applied for this work, and datasets used: a new high-
resolution “observational grid”, ERA-Interim reanalysis to
compute relationships between predictors and predictands
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Figure 1. Location of Pyrenees region (https://www.opcc-ctp.org/en/geoportal, last access: 26 September 2020).
and finally CMIP5 models to compute downscaled climate
change projections and produce an ensemble for the region.
3.1 Downscaling methods
Downscaling methods or regionalization techniques (Rum-
mukainen, 2010) are a crucial step for providing action-
able information at regional and local scales required in im-
pact and adaptation studies. As mentioned in Gutiérrez et
al. (2019), the relative merits and limitations of both dynam-
ical and statistical downscaling approaches have been widely
discussed in the literature and they are complementary in
many practical applications.
In this study, we have focused on statistical downscaling
methods. They have the advantage of being computationally
cheap and easily adjusted to new areas. Therefore, it may ap-
pear to be an advantageous alternative for projects where the
computational capacity, technical expertise or even time rep-
resent significant restrictions (Trzaska and Schnarr, 2014).
Generic weakness is the high demand on available observa-
tional data along with the assumption that the link between
the large-scale circulation and the local climate remains un-
changed in an altered climate, which is by no means guaran-
teed.
Nevertheless, if the archive of meteorological events is
long enough, it is reasonable to assume that a large part of
future events is already represented, even those whose fre-
quency will change under different climatic conditions (Wet-
terhall, 2005).
Briefly, we have applied two statistical downscaling tech-
niques – regression and analogue – to a large ensemble of
global climate projections released through the World Cli-
mate Research Programme (WCRP) Coupled Model Inter-
comparison project Phase 5 (CMIP5). The downscaled pro-
jections are developed over the CLIMPY region. We have
selected regression for maximum and minimum temperature
and analogue for precipitation. Both are categorized as Per-
fect Prognosis (PP) approaches (for more details, see Gutiér-
rez et al., 2019; Hertig et al., 2019). These methods (e.g. Ben-
estad, 2002) rely on statistical relationships linking GCM
outputs (predictors) to the local surface variables, noticeably
precipitations and temperatures (predictands) over a particu-
lar domain (Maraun and Widmann, 2018). In general, these
models or relationships are first trained (and tested) using re-
analysis model and observed data during a representative his-
torical period and later applied to new (e.g. future) GCM data
to obtain the downscaled local predictions. We have used the
predictor values on grid points.
Downscaling techniques generally require three datasets:
the historical predictand values, the historical predictor val-
ues for the same period, and the predictors describing the
target situation. Data for the predictors used in the calibra-
tion and validation of the statistical models come from the
daily ERA-Interim reanalysis (Dee et al., 2011) for the pe-
riod 1980–2005. The usefulness of a downscaling method
depends on its ability to capture the effects of climate vari-
ability and change. When used for future climate studies, it
is necessary to pay close attention to the selected predic-
tors so that they contain the climate change signal (Giorgi
et al., 2001). Selected predictors should be physically mean-
ingful and reflect the processes which subsequently control
variability in the climate. The selected predictors should also
be those that are well represented by GCMs (Fowler et al.,
2007). Appropriately selecting variables is in the equilibrium
between the relevance in the physical climate reality and the
accuracy with which the predictor is reproduced by the cli-
mate model (Wilby and Wigley, 2000). Also, local knowl-
edge and expert opinion are invaluable information sources
to identify the most effective set of predictors (Smid and
Costa, 2018).
The regression method (Gutiérrez et al., 2019; Maraun et
al., 2019; Widmann et al., 2019; Hertig et al., 2019; Soares
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et al., 2019; Wilby et al., 2004; Stennet-Brown et al., 2017)
attempts to model the relationship between local tempera-
tures and large-scale variables, by fitting a linear equation to
daily observed data. The predictor variables have been se-
lected from an initial subset (see TS1 in Supplementary ma-
terial) by the best subset method being the fitting measure
the adjusted determination coefficient. The analyses focused
first on predictors considered relevant to the predictand and
available in the CMIP5 database. Therefore, the subset of
predictors selected will vary from one point to another, be-
ing the initial set conditioned by the available GCM outputs.
The used predictor values for each location are the values in
the closest grid point both for reanalysis model and climate
models. See regression method evaluation over the Pyrenees
region in Figs. S8–S11 and S14.
Statistical behavior of precipitation is very far from nor-
mality, thus, it is more advisable the use of analogues that
perform better for precipitation spells than regression meth-
ods. As mentioned in Hertig et al. (2019), this likely relates
to the fact that the variance of the analogue predictors is
dominated by circulation-related variables, which constrain
well precipitation, but not temperature (see Table S1 in the
Supplement). Briefly, the procedure for precipitation is per-
formed by a two-step analogue method (Petisco de Lara,
2008; Amblar-Francés et al., 2017). This method is based
on two types of analogy: synoptic and local. The synop-
tic analogy associates a set of analogue days to the target
day. The similarity of synoptic analogues has been com-
puted by the squared Euclidean distance of typified fields of
the geostrophic wind components (ug and vg) at 1000 and
500 hPa. Then, the local analogy is measured, for each target
point, by comparing a set of significant predictors between
the target day and each analogue. Finally, the precipitation
is estimated as an average of the analogues observed pre-
cipitation, with different weights depending on the degree
of analogy (combination of synoptic and local analogies).
See analogues method evaluation over the Pyrenees region
in Figs. S12, S13 and S15.
The analysis has first addressed the temporal evolution
of the median of models. Focusing on each scenario, we
have computed: (a) the mean for each model for four tem-
poral horizons (2030, 2050, 2070 and 2090) using a 15-year
time window centered on these years; then, (b) the median
of the models (q50) and the 17th and 83rd percentiles (q17
and q83), and (c) the difference between percentile 83 and
percentile 17 has been taken as a measure of uncertainty.
Secondly, as regards the spatial analysis for the whole re-
gion, we have focused on the results centered on 2090 for the
most emissive RCP8.5 scenario. We have highlighted (stip-
pled area in the maps) the sites where the signal is larger
than the uncertainty associated to the climate models, esti-
mated as q50 > ((q83 − q17)/2). In third place, temporal and
spatial evolution of some selected maximum and minimum
extreme indexes has been addressed. We have selected the
median and 17th and 83rd percentiles of the values projected
by models due to: (a) their robustness and (b) the indepen-
dence of the tails of the distributions. In addition, the choice
of the 17th and 83rd percentiles is due to their close corre-
spondence with the probability of a normal distribution for
the values of mean plus or minus a standard deviation.
3.2 Data
In recent years there has been an increasing demand for com-
prehensive regular high-resolution (both in time and space)
gridded datasets from different sectors, including hydrology,
agriculture and health. Gridded data are also of major impor-
tance for the regional adaptation of global predictions or pro-
jections using statistical downscaling methods (Maurer and
Hidalgo, 2008).
However, regional analysis requires higher resolution
datasets in both space and time, so that climatic differences
across sub-regions can be identified and both mean and ex-
treme climate conditions can be analyzed. In the last few
years, some daily gridded products have been developed at
continental-scale from dense networks of daily rain gauge
data in Europe – E-OBS dataset, UERRA (Landelius et al.,
2016), South America (Liebmann and Allured, 2005) or
South-Asia (van den Besselaar et al., 2017) with typical res-
olutions ranging from 50 to 5 km.
Nevertheless, due to the inhomogeneous data coverage in
different countries it is still not clear whether these continen-
tal grids can also characterize the specific extreme climate
conditions of the different regions within the covered area. In
part because spatial scales solved by the interpolation method
are constrained by the observations density. In this respect, a
local tuning of the appropriate interpolation parameters may
improve the observational grid. Country-like scale grids have
been already developed in the Alps (Frei and Schar, 1998),
United Kingdom (Perry and Hollis, 2005) or Spain (Peral et
al., 2017).
For this work the daily (maximum and minimum) temper-
atures and 24 h accumulated precipitation gridded data devel-
oped at AEMET for different operational purposes has been
extended with additional data from France and Andorra to
fully cover the Pyrenees area. This new 5 km (0.05◦ lat/lon)
resolution extended grid covers now continental Spain and
Southern France. The method developed is an adaptation of
the HIRLAM Surface Analysis code (Rodríguez et al., 2003;
Navascués et al., 2003), based on an Optimum Interpola-
tion algorithm (Daley, 1991). It makes use of observations
coming from the AEMET Climate Database and the new
CLIMPY Database to correct a 5 km surface temperature cli-
matology, obtained from the HIRLAM-AEMET Numerical
Weather Prediction operational analyses, that is used as back-
ground or first guess. This climatology already presents the
expected spatial patterns that are due to the orography and to
the different vegetation types and land uses. In case of precip-
itation, a null field is used as first guess. The first guess error
statistics defining the interpolation characteristics have been
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Figure 2. The observational grid that encompasses 1622 points over
the CLIMPY area.
tuned separately for each month using the available obser-
vations. This seasonal dependence considers implicitly the
different spatial scales of large scale or convective precipi-
tation that are dominant in different seasons. Structure func-
tions are anisotropic to allow first guess errors correlation to
be dependent not only on the horizontal distance but also on
the vertical displacement. In this way, topography is taken
into account in the interpolation. The first guess error vari-
ance in case of precipitation is defined by a field representing
the spatial variability of the precipitation variance (see Peral
et al. (2017) for more details). This new extended grid, fo-
cusing on maximum temperature, shows (figure not shown),
that the best fit to observations (< 1 K) is reached in flat ar-
eas over France to the north of Pyrenees, and the worst fit is
found in Central Pyrenees mountainous areas with a lower
observation density (up to 3 K).
From the practical point of view, this new grid encom-
passes 1622 points in the CLIMPY area (Fig. 2). As com-
pared with the number of stations (338 for precipitation and
109 for temperature), it would in principle allow a better
description of the higher spatial variability that temperature
and precipitation may exhibit over mountain areas. The tuned
structure functions for the 5 km horizontal resolution (Peral
et al., 2017) in the optimal interpolation algorithm can tackle
better the higher spatial variability over the Pyrenees domain.
Generally, over mountainous regions – and in particular over
Pyrenees – stations tend to be located in the populated val-
leys with lack of observations at higher altitudes. The appli-
cation of statistical downscaling methods over such an obser-
vational grid (described above) at least palliates in part this
lack of spatial uniformity coming from the observational net-
work. The number of grid points over each Pyrenean Massif
has been included in Table 1. At this stage, it is important
to underline that this database will be used in future impact
studies.
We have computed the relationships between predictors
and predictands using the ERA-Interim Reanalysis dataset
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (Dee et al., 2011). The ERA-Interim predic-
tors essentially represent the large-scale state of the observed
atmospheric predictors and the point-scale predictands. The
precise predictor variables used depend on the specific down-
Table 1. Pyrenean massifs and respective number of points.
Massifs Number of points
Andorra 14






















scaling method and the chosen variable (Petisco de Lara,
2008; Amblar-Francés et al., 2017). The climate predictors of
interest are selected using knowledge of physical processes
as well as identifying those highly correlated with the predic-
tand. This means that the selected predictors should be well
simulated by GCMs to ensure statistically credible future
projections. Hence, a statistical assumption that our predic-
tors are related to the predictand is made. Reanalysis datasets
are often used as proxies to GCMs for statistical downscal-
ing. We are interested in maximum and minimum tempera-
tures and precipitation.
Finally, we consider 24 different GCMs from the CMIP5
(Table 2) and three Representative Concentration Path-
ways (RCPs). We have obtained 64 regionalized projections
for temperature and 73 for precipitation (Table 3).
4 Results
We have addressed the analysis of climate change projec-
tions developed at AEMET, putting special emphasis on un-
certainty analysis, considering various sources, i.e. several
RCPs (RCP4.5, RCP6.0 and RCP8.5) and several CMIP5
models. The analysis focuses on the whole CLIMPY area and
on the specific massifs. We keep track of the key messages of
the SROCC (Special Report on the Ocean and Cryosphere in
a Changing Climate (IPCC, 2019): in regions like Pyrenees,
with mostly smaller glaciers and relatively little ice cover;
glaciers have suffered a reduction of 88.25 % since 1850,
https://doi.org/10.5194/asr-17-191-2020 Adv. Sci. Res., 17, 191–208, 2020
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Table 2. List of CMIP5 models used in the CLIMPY Regionalized Projections by AEMET.
Model Institution References
ACCESS1.0 Commonwealth Scientific and Industrial Research Org. Bi et al. (2013)
(CSIRO) y Bureau of Meteorology (BoM), Australia
ACCESS1.3 CSIRO BoM, Australia Bi et al. (2013)
Bcc-csm1.1 Beijing Climate Center, China Wu et al. (2013),
Xiao-Ge et al. (2013)
Bcc-csm1.m Beijing Climate Center, China Wu et al. (2013)
BNU-ESM College of Global Change and Earth System Science Ji et al. (2014)
(GCESS) Beijing Normal University, China
CanESM2 Canadian Centre for Climate Modelling and Analysis Arora et al. (2011)
(CCCma), Canadá
CMCC-CESM Centro Euro-Mediterraneo per I Cambiamenti Climatici Hurrell et al. (2013)
(CMCC), Italy
CMCC-CM CMCC, Italy Scoccimarro et al.
(2011)
CMCC-CMS CMCC, Italy Weare et al. (2012)
CNRM-CM5 Centre National de Recherches Météorologiques/Centre Voldoire et al. (2013)
CSIRO-Mk3.6.0 CSIRO in collaboration with Queensland Climate Change Centre of Gordon et al. (2002)
Excellence Européen de Recherche et Formation Avancée en Calcul
Scientifique (CNRM-CERFACS), France (QCCCE), Australia
GFDL-ESM2G NOAA/Geophysical Fluid Dynamics Laboratory (GFDL), Donner et al. (2011)
USA
GFDL-ESM2M NOAA/GFDL, USA Donner et al. (2011)
HadGEM2-CC Met Office, UK Martin et al. (2011)
inm-cm4 Institute of Numerical Mathematics, Russia Volodin et al. (2010)
IPSL-CM5A-LR Institut Pierre-Simon Laplace (IPSL), France Dufresne et al. (2013)
IPSL-CM5A-MR IPSL, France Dufresne et al. (2013)
IPSL-CM5B-LR IPSL, France Dufresne et al. (2013)
MIROC5 Atmosphere and Ocean Research Institute (AORI) Watanabe et al. (2011)
National Institute for Environmental Studies (NIES)
JAMSTEC, Japan
MIROC-ESM AORI NIES JAMSTEC, Japan Watanabe et al. (2011)
MIROC-ESM-CHEM AORI NIES JAMSTEC, Japan Watanabe et al. (2011)
MPI-ESM-LR Max-Planck-Institut (MPI) for Meteorology, Germany Giorgetta et al. (2013)
MPI-ESM-MR Max-Planck-Institut (MPI) for Meteorology, Germany Giorgetta et al. (2013)
MRI-CGCM3 Meteorological Research Institute, Japan Yukimoto et al. (2012)
and a rapid wastage since 1980s, confirming the accelerated
shrinkage during the end of the 20th century and the first
decade of the 21st century (Rico et al., 2017).
4.1 Maximum and minimum temperatures (regression
method)
The analysis of Figs. 3 and 4 indicates that daily maximum
temperature will increase during 21st century for all ana-
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Figure 3. Evolution of downscaled maximum temperature change for the Pyrenees corresponding to: (a) annual average, (b) winter,
(c) spring, and (d) summer and (e) autumn. Median is represented by thick line and shadow represents 17th and 83rd percentiles. Num-
ber in parentheses indicates the number of models used for the corresponding emission scenario.
Table 3. Regionalized projections of temperature (Tmax and Tmin)
and precipitation obtained by statistical methods (regression and







lyzed RCP (RCP8.5, RCP6.0 and RCP4.5), seasons and all
places in this region. The increase will be more pronounced
for the most emissive scenario (RCP8.5) and for the end of
century, where, on average, temperatures will be between
4.0 and 6.3 ◦C with respect to the reference period (1986–
2005). The same behavior is detected in the minimum tem-
perature (Figs. 5 and 6), though the range of values will be
between 3.2 and 4.9 ◦C. Uncertainties increase with time,
both those linked to scenarios (separation of lines) and those
related to models (width of shadowed zone). At the end of the
21st century, the uncertainty linked to emission scenarios is
larger than the associated to models, for both maximum and
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Figure 4. Maps of maximum temperature anomaly for different seasons (a–d) and for RCP8.5 scenario and 2090 horizon. Stippled area
reflects major signal (q50 > ((q83 − q17)/2)).
minimum temperatures. This behavior is also found in all the
23 Pyrenean massifs (Figs. 7–8, and Figs. S1–S2 in the Sup-
plement). Focusing on the seasonal behaviour, not surpris-
ingly, the increase is greater in summer; thereby highlighting
the specific sensitivity of mountain conditions to global cli-
mate conditions.
Spatially, both variables (Figs. 4–6) display the larger in-
creases over the south region and in summer season; more
noticeable for maximum temperature (7–10 ◦C) than for min-
imum temperature (4–7 ◦C); reflecting major signals in the
former than in the latter variable. It is worth mentioning that
maximum temperature also exhibits larger increases in au-
tumn and in the south region (5–8 ◦C).
As far as the extreme indexes related to maximum temper-
ature, we have selected the number of warm days (WD) and
the warm spell duration index (WSDI) while for minimum
temperature, the number of warm nights (WN) and the num-
ber of frost days (FD) (see Karl et al., 1999). The analysis
of the temporal evolution of these indexes shows an increase
of WD and WN that is especially noticeable at the end of the
century and for the more emissive scenarios, where the in-
creases probably will be between 10–55 d for WD, 10–40 d
for WSDI and 10–55 d for WN (Figs. 9a–d and S3–S6). On
the contrary, FD shows a decline, more pronounced for the
RCP8.5 and for the end of century (∼ 60 d). As happened
with maximum and minimum temperatures, the influence of
scenario is noticed from approximately 2050, and though
there is an increase with time in both uncertainties, the one
linked to scenarios as well as the associated to models; the
first predominates over the second.
Spatially (Fig. 9e–h), all the extreme indexes show a clear
signal, being the changes greater than the uncertainties as-
sociated with climate models. Both WD and WN exhibit an
increase that is larger in the south and south-east parts, val-
ues that are around 45–50 d. The WSDI depicts a different
behavior between the north and south parts: higher values
mainly located in the south-east part (∼ 35 d) and lower val-
ues, in the north and northwestern parts (∼ 5–10 d). Finally,
the FD shows a decline, which is larger in the central part
(80 d) where the higher elevations are located, and where at
present, there is a large number of FD. Indeed, projections
of extreme temperature changes always show regional vari-
ability that can be partly attributed to mechanisms involving
coupling between the surface and the atmosphere. Perhaps,
for instance, heat waves might be intensified by a decrease
in soil moisture due to reduced cooling caused by evapora-
tion. Still today, our understanding of how climate change
may affect heatwaves remains limited. Droughts and heat-
waves have been suggested to intensify and propagate via
land–atmosphere feedbacks (Miralles et al., 2019).
To sum up, with respect to the changes in maximum and
minimum temperatures in the future period, we detect the in-
fluence of scenario, a tendency to the increase (in general and
for massif), larger uncertainties to the end of 21st century and
larger increase under RCP8.5 conditions and for maximum
temperatures. As regards changes in temperature extreme in-
dexes, they are especially noticeable at the end of the century
and for the RCP8.5 scenario; mainly decline in the number
of frost days, noticeable increase in the number of warm days
and nights, and an increase in the warm spell duration index.
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Figure 5. The same as Fig. 3 but for minimum temperature.
4.2 Precipitation (analogue method)
As far as precipitation is concerned, we focus on the ana-
logue method results. In this case, the temporal evolution of
the median of the relative anomaly of precipitation (%) is an-
alyzed (Figs. 10–12 and S7). The agreement between models
is lower than for temperatures, being the uncertainty associ-
ated to models (hatched area) greater than uncertainty due to
emission scenarios (separation between evolution lines) dur-
ing all the considered period, contrary to temperatures. In
agreement with Kirtman et al. (2013), the uncertainty aris-
ing from model spread is greater than that from internal vari-
ability and RCP scenario spread. A clear tendency is hardly
discerned (Figs. 10 and S7), also due to the high uncer-
tainty from differences among models. With regard to sea-
sonal behaviour, one could appreciate a slight decline in au-
tumn while an increase in summer at the end of the century.
Concerning massifs (Fig. 11), we could appreciate a slight
decrease in the western part opposite to a slight increase in
the eastern part, but the signal is weak. When analyzing the
median of relative anomaly of precipitation for 2090 hori-
zon, in general, the signal indicative that a change will take
place in the future is very weak, we get more consensus in
the hatched areas with respect to the drop in precipitations.
Overall, there is more signal in the autumn mainly located in
the northeastern part, while in spring over the western parts.
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Figure 6. The same as Fig. 4 but for minimum temperature.
Figure 7. Evolution of downscaled maximum temperature change for seven selected massifs in the Pyrenees. Median is represented by thick
line and shadow represents 17th and 83rd percentile. Number in parentheses indicates the number of models used for the corresponding
emission scenario.
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Figure 8. The same as Fig. 7 but for minimum temperature.
Figure 9. Evolution of some downscaled extreme temperature indexes computed at annual scale. (a) WSDI; (b) WD; (c) FD; and (d) WN.
Maps of the median for the same extreme temperature indexes (e–h) and for RCP8.5 scenario and 2090 horizon. Stippled area reflects major
signal (q50 > ((q83 − q17)/2)).
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Figure 10. The same as Fig. 3 but for relative anomaly of accumulated precipitation (%). A 10-point Gaussian filter has been applied.
As in temperatures, major emphasis is on the RCP8.5 and the
2090 horizon (Figs. 10–12).
Concerning extreme precipitation indexes, we have se-
lected the change in the number of wet days, the change in
heavy precipitation (%) and the length of dry period. We can
barely appreciate differences among scenarios (Fig. 13) and
there is no clear tendency, all of them fluctuate around non-
variation though a noticeable variability is observed. There
is a large uncertainty, excepting for the number of wet days,
where there is a slight and reduced signal to increase in some
isolated zone of the eastern part while a slight signal to de-
crease in the northern part. Practically no signal is seen in the
length of dry period and finally, as concerns heavy precipita-
tions, there is a slight signal in the half-northern part of Pyre-
nees. Perhaps, this behavior could be related to a shift to the
north of the subtropical high pressures zone (López-Moreno
et al., 2010), which will produce a reduction in the number
of frontal disturbances and could originate, by the latitudinal
thermal gradient, that severe cold air masses might be iso-
lated over the Mediterranean.
It should be noted that the analogue method tends to un-
derestimate historical precipitation extremes (Castellano and
DeGaetano, 2017) and also, the analogue method is by def-
inition unable of making extrapolations outside the range of
observed values and may distort the upper tail (Imbert and
Benestad, 2005). The possible decrease in mean precipitation
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Figure 11. The same as Fig. 4 but for relative anomaly of accumulated precipitation (%).
Figure 12. The same as Fig. 7 but for relative anomaly of accumulated precipitation (%). A 10-point Gaussian filter has been applied.
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Figure 13. Evolution of some downscaled extreme precipitation indexes computed at annual scale: (a) heavy precipitation (CP95); (b) num-
ber of wet days (R1) and (c) the length of dry period (LPS). Maps of the median for the same extreme precipitation indexes (d–f) and for
RCP8.5 scenario and 2090 horizon. Stippled area reflects major signal (q50 > ((q83 − q17)/2)).
and the large decrease in frequency of precipitation events
might increase the intensity and frequency of drought events
(Giorgi and Coppola, 2009).
5 Summary and concluding remarks
In recent years, there has been increasing societal demand
for quantifying the local impacts of global warming lev-
els to scientifically inform the needed adaptation measures.
In this context, the downscaled projections here presented
address the specific sensitivity of the mountain regions to
global climate conditions. In our study, we have generated
high-resolution climate projections by applying two statisti-
cal downscaling methods (regression for max and min tem-
peratures, and analogue for precipitation) over the Pyrenees
region in the frame of CLIMPY project over a new high-
resolution (5 km × 5 km) observational grid using 24 climate
models from CMIP5. The application of statistical downscal-
ing to a high resolution observational grid instead of station
data partially circumvent the problems associated to the non-
uniform distribution of observational in situ data for some
specific uses of these projections. As expected, our results in-
dicate that the response of local meteorological conditions in
the Pyrenees region is stronger for the end of the century and
for the most emissive RCP8.5 scenario. Preliminary analy-
sis of this new projections database are aligned with other
studies using regional atmospheric models indicating an in-
crease in the precipitation inter-annual variability with ex-
treme events and a spatial heterogeneous signature, superim-
posed on a decrease in the total precipitation amount. In par-
ticular, spatial resolution as well as local climate conditions
seems to impact significantly on the simulations (Jacob et
al., 2014). Global and regional climate model projections in-
dicate that warming and drying will likely continue, with the
amplitude of the changes after 2050 being highly dependent
on the emission scenario. Although climate models predict a
general increase in temperature extremes for the end of the
21st century, the exact spatial distribution of changes in tem-
perature and much more in precipitation remains uncertain
as they are strongly model dependent. As precipitation is the
main driver of the land surface hydrological cycle, other ma-
jor hydrological indicators would also change accordingly.
To put it in a nutshell, maximum and minimum tempera-
tures show a clear tendency to the increase (in general and by
massif), with the larger increases in maximum temperatures
compared to the minimum ones. As regards some selected
temperature extremes, the number of frost days will decline
more noticeably in the western part about to the increase of
the length of heat waves in the eastern part of Pyrenees. Fi-
nally, the increase in warm days and nights (WD and WN) is
almost widespread by the end of century and for RCP8.5. The
impact of the RCP becomes significant for the second half of
the 21st century, with increased temperature for RCP8.5 at
the end of the century.
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In general, future precipitation changes do not exhibit a
clear tendency and can even point towards different sense
of change (either positive or negative), due mainly to un-
certainty coming from models. The decrease in precipitation
could be due to a reduction in the frequency of precipita-
tion events. In the aggregation by massifs, one can appraise a
slight tendency to the decrease in the western part. Changes
in moisture and temperature variables must be accounted for
to correctly capture the climate change signals.
When analyzing the behavior of selected precipitation ex-
tremes (change in the length of dry period, change in the
number of wet days and change in the heavy precipitation
index), there is not a detectable change though a noticeable
variability between climate models. When future precipita-
tion and temperature changes are combined, soil moisture
is expected to show negative trend due to enhanced evapo-
transpiration and the noticeable reduction in the frequency of
precipitation events. The lack of trend may in part be caused
by the approach as the analogue method is unable to predict
new records and consequently could distort the upper tail of
the pdf (Benestad, personal communication). However, the
same downscaling algorithm has been applied over other re-
gions where the decreasing precipitation trend was clearer
and the downscaling method has maintained the trend.
By way of summary, a multi-component ensemble frame-
work has been designed and built, addressing various sources
of uncertainty and variability, i.e., several RCPs (RCP 4.5,
RCP6.0 and RCP8.5), feeding a relatively high number of
GCM runs from the CMIP5 intercomparison exercise. This
new high resolution projections database based on statistical
algorithms complements the widely used EUROCORDEX
data based on dynamical downscaling and allows to iden-
tify features that are dependent on the particular downscaling
method.
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